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Abstract
Most amputees experience phantom limb pain (PLP) post-amputation, the mechanisms of
which are not fully understood. Rat amputees may serve as a practical model for studying PLP,
as rats process pain similarly to primates. Ultrasonic vocalizations (USVs) of acclimated,
formalin-injected rats and acclimated, forelimb-amputated rats were recorded to investigate the
potential for measuring USVs as an indicator of a negative affective state. Subcutaneous
injections of 10% formalin in the hindpaw elicited increased USV emission, primarily in the 22
kHz-AFR. Unoperated rats and forelimb-amputated rats were monitored for seven weeks
following acclimation and surgery. Amputees emitted a greater quantity of 22 kHz-AFR USVs
than controls at 4-7 weeks post-amputation and a greater duration at 4-6 weeks; however, there
were no differences in weeks 1-3. These differences in USV behavior may indicate a difference
in affective state between groups. Further studies of USVs in forelimb-amputated rats should
incorporate additional behavioral measures of pain.
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Introduction
There will be over 2.2 million people living with limb loss in the United States by 2020,
and up to 3.6 million by 2050 [1]. In the first postoperative days following surgical amputation,
patients experience pain at the site of surgery, the stump. This pain typically subsides within a
few weeks; however, more than ten percent of patients continue to experience persistent stump
pain. At varying amounts of time post-operation, amputees commonly develop phantom limb
pain (PLP), often described as cramping, burning, or shooting pain in the distal extremity of the
missing limb. Patients can also experience nonpainful sensations such as itching or tingling in
the same area [2].
Up to 80% of all amputees experience PLP (75% within the first week), and 50% still
experience PLP five years post-operation [2,3]. There is no single mechanism which explains the
phenomenon of PLP, so it is believed to be the product of multiple mechanisms within the
peripheral and central nervous systems and may also involve psychogenic components.
Regarding the peripheral mechanism, the severing of peripheral nerves during amputation causes
the disruption of afferent nerve input to the central nervous system. The severed nerves form
neuromas, which exhibit hyper-excitability and spontaneous discharges. This unusual neural
input is thought to contribute to the experience of stump pain and PLP. One suspected central
nervous mechanism is cortical reorganization, in which the cortical areas related to the
amputated region are both taken over by adjacent zones in the primary somatosensory and the
motor cortex which correspond to other body parts. In other words, the cortical areas responsible
for the missing limb become activated in response to the stimulation or use of body parts
corresponding to these adjacent cortical areas. The extent of this reorganization has been found
to be directly linked to the degree of pain experienced [4,5].
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Due to the complexity of the problem, many treatments are used to manage PLP,
including a wide variety of pharmaceuticals, surgical procedures, and adjuvant therapies.
Physical therapists often work with amputees to relieve their PLP symptoms through noninvasive
treatments, such as mirror therapy or transcutaneous electrical nerve stimulation (TENS) [4].
Continued sessions of mirror therapy have been shown to reduce pain scores reported by
amputee patients; however, some patients reported no difference or even worsened pain [4,5,6].
TENS applied to the contralateral limb has also been found to reduce PLP-related pain scores in
some patients but had no effect on others [7,8]. As the underlying mechanisms of PLP in their
entirety are not well understood, they require further study to enable the development of more
comprehensive and effective treatments.
Sensory and Affective Dimensions of Pain
The conscious perception of pain is a multidimensional experience including sensory
input, nociception, and an affective, emotional component. Nociception is the peripheral nervous
system response to noxious stimuli, which is any stimuli that damage or have the potential to
damage the affected tissue. Noxious stimuli activate nociceptors, which are sensory neurons
equipped with specialized ion channels and receptors that transduce these stimuli into bioelectric
signals [9]. These sensory neurons terminate in the dorsal horn of the spine where these
messages are relayed up the spinal cord and through the spinothalamic tract to the thalamus in
the brain. The thalamus relays this nociceptive information to the amygdala, hypothalamus,
periaqueductal gray, basal ganglia, and sections of the cerebral cortex. The information is then
processed in these regions of the brain as the sensation of pain and consciously perceived [10].
The affective dimension of pain is the array of unpleasant emotions involved in the
experience of pain, which often occurs in the context that is threatening to the individual. These
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emotions often spur the affected individual to action through a desire to eliminate, minimize, or
escape the noxious stimulus. Emotions related to the present or near-future, such as distress or
fear, are responsible for the moment-by-moment unpleasantness of pain, a major component of
this affective dimension. This unpleasantness is typically correlated to the intensity of the pain.
Another component is the secondary pain affect, which includes emotions directed toward the
long-term implications of continued pain such as suffering [11].
Rat Model for Studying Pain
Pain studies in humans are difficult to perform and are tightly constrained with ethical
limitations. Animal models, such as the primate or rat model, are often used in the study of pain;
however, animal models come with their own limitations such as the quantification of pain-like
behaviors. Non-human, primate models are practical, because humans and other primates share
many genetic similarities. Recently, a brain mapping study found that a cortical brain region in
rat, dubbed the “transitional zone” (TZ), is homologous to area 3A in monkey, as the neuronal
responses in both TZ and area 3A following multi-second, noxious skin-heating stimuli exhibit a
prominent buildup of spike activity over time. Neurons in these areas of rats and primates are
also both minimally affected by non-noxious tactile stimuli. This serves as strong evidence that
rats process pain similarly to primates, suggesting that the rat model may be a practical human
analog for studying pain processing [12]. As such, the rat model could prove useful in the study
of postoperative pain, stump pain and PLP, in amputee rats.
As pain cannot be measured directly in animals, such as rats, it is inferred from pain-like
behaviors, such as withdrawing from a noxious stimulus. One such stimulus-dependent method
of assessing pain involves measuring the temperature of and/or amount of time exposed to a heat
source at which a rat will withdraw from the stimulus. Persistent or stimulus-independent pain
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has also been evaluated through observation of behavioral changes such as changes in gait,
burrowing, and facial expression [9]. Rats can communicate at frequencies higher than the
human ear can detect (>20 kHz), and changes in these ultrasonic vocalizations (USVs) have been
suggested to be potential measures of persistent pain [13-15].
Vocalizations in Rats
Rats, like some other rodents, have two methods of producing vocalizations. Like many
mammals, the first is to vibrate their vocal folds to emit audible sounds (2 to 4 kHz) through the
larynx. These audible squeals are typically emitted in response to negative stimuli such as
predators, danger, and sudden acute pain [16]. For example, rats often squeal during the acute
pain induced by subcutaneous or intraperitoneal needle injection.
Unlike most mammals, rats and some other rodents have a second method of utilizing the
larynx to produce sound. By stabilizing the larynx to form a small orifice, high abdominal
pressure can be used to push air through the larynx like a whistle, producing a high frequency
tone [16]. These high frequency calls are commonly referred to as ultrasonic vocalizations
(USVs), as they are inaudible to humans, whose auditory range has an upper limit of 20 kHz
[13,16].
In adult rats, USVs are typically centered within one of two frequency bands, which are
commonly referred to as 22 kHz and 50 kHz [13,16]. It has been found that the range of an USV
is an indicator of the affective state of the rat at the time of USV emission, and we will refer to
these bands as affective frequency ranges (AFRs). USVs in the 22 kHz-AFR (18 to 35 kHz) are
typically associated with negative stimuli, such as predator exposure, being startled, drug
withdrawal, and during social interactions between animals with arthritic pain [13,17]. These
calls have also been recorded from rats subcutaneously injected with formalin, thought to cause
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persistent irritation and/or pain, indicating a negative emotional response to pain [13]. The
effectiveness of measuring USVs as an indicator of persistent pain is under debate, as some rats
will instead freeze upon the introduction of a painful stimulus [16].
USVs in the 50 kHz-AFR (>35 kHz) are typically emitted during or in anticipation of
positive stimuli such as rough-and-tumble play, playful tickling, sex, and use of addictive drugs
[13,17]. Calls in the 50 kHz-AFR have also been recorded during locomotion, rearing on the
hind legs, and exploration [18]. Negative stimuli may also inhibit the production of 50 kHz-AFR
calls [17].
Formalin Injections as a Persistent Pain Stimulus
Formalin is a toxic solution consisting of formaldehyde (37%) dissolved into water (63%)
and is known to be a strong skin irritant [19]. Saline-diluted formalin has been used to mimic
acute clinical pain in rats through subdermal injection, which induces a prolonged period (40
minutes to an hour) of pain-like behaviors such as limping, flinching, licking the affected area,
and even 22 kHz-AFR USVs [13,20,21]. Observations of one or more of these behaviors are
used as measures of the affective dimension of pain, providing insight into any changes within
the rat’s affective state brought on by the persistent pain stimulus.
Objectives
This study examines USV behavior of healthy, unoperated rats, formalin-injected rats,
and forelimb-amputated rats to investigate the potential use of USVs as a pain-like behavior
indicative of a negative affective state. Formalin injections, which cause persisting acute pain,
were used to evaluate changes in USV behavior in rats familiar with the experimental
environment during a painful stimulus with a predictable time-course. USVs of healthy,
unoperated rats and amputee rats were examined to investigate whether any changes in USV
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behavior (frequency, quantity, and sum duration) developed between the two groups over a 7week time period, potentially indicating differing affective states following amputation in rats.
The time-course of USV behaviors is reported for the experimental groups described
above, with expected USV behaviors as follows: (1) following formalin injection in rats
acclimated to the recording environment, the quantity of vocalizations, especially 22 kHz-AFR,
increases post-injection and persists for up to one hour, (2) amputee rats will emit a larger
quantity and longer duration of 22 kHz-AFR USVs than unoperated controls during the 7-week
post-amputation period, (3) the average frequency of USVs in amputee rats will be lower during
the 7-week post-amputation period, and (4) the quantity and duration of 50 kHz-AFR USVs in
amputee rats will decrease during the 7-week post-amputation period, as pain has been shown to
halt these vocalizations [17].
Methods & Materials
All experimental procedures were performed at the University of Tennessee Health
Science Center (UTHSC) and have been approved by the Institutional Animal Care and Use
Committee (IACUC) at UTHSC.
Animal Groups
Female, Sprague-Dawley rats weighing approximately 200 g were initially assigned to
one of two experimental groups. Three were placed in an amputation group (subjects A1, A2,
and A3) in which one forelimb was amputated at the shoulder. Four were placed into a control
group (subjects C1, C2, C3, and C4). Two of the control rats (C1 and C2) were later moved into
a formalin test group (F1 and F2, respectively), in which each rat was given a subcutaneous
injection of 10% formalin in a hindpaw.
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Surgical Procedures
Rats from the forelimb amputation group were induced with 5% Isoflurane in 1.0 L/O 2
and maintained with 1.5-2.5% Isoflurane in 0.3 L/O2. Under aseptic conditions, a circumferential
skin incision was made around the forelimb, the skin and shoulder muscles were reflected around
the humerus, the forelimb nerves and the brachial artery were tied-off and sectioned near the
brachial plexus (BP), and the limb was amputated at the glenohumeral joint. The dissected
shoulder muscles were closed using surgical sutures, the skin was injected with a long-lasting
local anesthetic (0.25% Marcaine with epinephrine, SQ), and the skin was closed with wound
clip staples. A systemic analgesic, bupivacaine (0.7%) and antibiotic (Gentamicin, 1.5 mg/kg,
i.p.), was administered following surgery. Rats were monitored until recovering from surgery, at
which time they will be returned to the animal housing unit. Staples were removed 10 days postsurgery under Isoflurane anesthesia as described above. Figure 1 shows a photograph of a rat
approximately 4 weeks post-amputation.

Figure 1: Photograph of Sprague-Dawley rat approximately 4 weeks post-amputation of the left
forelimb.
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Recording Setup
Ultrasonic recordings of rats were conducted within an anechoic chamber (AEC), which
dampens exterior noises entering the laboratory. The AEC is a plexiglass box (24”x16”x16”)
consisting of quarter-inch panels lined on the interior and exterior with 1 in.-thick, corrugated
acoustic foam [Acoustic Panels Studio Foam Wedges, Mybecca]. Within the AEC, rats were
placed within a raised cage (8”x6”x10”) consisting of plexiglass on 3 sides with a vertical wire
front and floor (0.5 inches between wires), a plexiglass panel covering the floor, plexiglass legs,
and a sliding plexiglass roof. The ultrasonic microphone [MiniMic, Binary Acoustic
Technologies] and video camera [C615 Webcam, Logitech] aim toward the slotted side of the
raised cage (Figure 2). Initially, a red bike lamp was used to illuminate the chamber, but it was
later replaced with a rechargeable lamp (as shown in Figure 2) to reduce battery consumption.
Not pictured is the plexiglass, foam-covered lid, which was used to seal the AEC during
recordings to reduce sonic and electromagnetic interference.
A PC equipped with the MiniMic’s accompanying software packages, SPECTR and
SCANR, was used to record and process audio data. The video feed was viewed on the PC
during sessions to record behavioral observations.
Recording Procedure
All recordings were performed as follows. First, a rat was placed in a raised cage within
the AEC. The AEC would then be illuminated and sealed. Then, the audio and video recordings
were initiated using a PC. During the session, the live video feed from the webcam and the
SPECT’R real-time spectrograph were monitored to and observed behaviors such as vigorous
sniffing, sudden movements, various types of grooming, cage exploration, falling, lying down,
prolonged stillness, limping, wound licking, and obvious vocalizations were noted. After an hour
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of recording, the video and spectrograph files were saved, and the rat was returned to the animal
care unit.

Camera
Cage
MiniMic

Lamp

Figure 2: Top view of the interior of the anechoic chamber showing the positioning of the raised
cage, microphone (MiniMic), video camera, and lamp. Corrugated foam lining on all chamber
surfaces (top, bottom, sides) is not shown. Dimensions of the closed chamber are 26”x16”x16,”
and the thickness of the plexiglass panels is a quarter-inch.
Acclimation
Acclimation describes the period before testing in which the subject is introduced and
habituated to the testing environment. This was done to minimize stress-related responses to the
new environment. The number of days spent acclimating to the test environment varied between
animals from one to four days within the week before testing began. Each acclimation session
was performed according to the procedure described above for recording sessions.
For amputees, surgery was performed on the day following the acclimation period, and
the first recordings were performed within two hours of the operation. For controls, the testing
period began seven days after the first acclimation session.
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Formalin Test Procedure
Two rats from the control group were used for formalin testing after several months of
weekly recording sessions. Formalin injection tests proceeded as follows. First, a rat was placed
in a cage within the AEC. Then, video and audio were recorded for 15 minutes. A 0.5 cc syringe
(28.5 G needle) was loaded with 50 µL of 10% formalin (37% formaldehyde wt/wt diluted in
0.9% saline). The rat was removed from the AEC, and formalin was injected into the plantar
surface of the right, hind paw. The rat was immediately returned to the AEC (nociceptors are
heavily stimulated during the first minute following injection). Audio, video, and behavioral
observations were recorded for an hour, followed by returning the rat to the animal facility.
Data Processing & Analysis
Audio recordings were processed using SCANR, a fast Fourier transform based call
detection software. Each audio file was analyzed in two window sizes, 20 ms and 50 ms. The
software provided snapshots of possible calls, which were manually parsed to identify and
catalog calls, recording the duration and frequency of each call. The frequency interval, duration,
and maximum intensity (dB) of each USV were determined manually using the SCANR cursor.
USVs were assigned by frequency into two categories, 22 kHz-AFR (18 to 35 kHz) and 50 kHzAFR (>35 kHz). Occasionally, USVs were greater than 50 ms in duration. In these few cases, the
recording was scanned at an increased window size to capture the whole duration of the call.
For each recording session, the total quantity, total duration of all calls, and average
frequency (kHz) of all calls were catalogued. The total quantity and total duration of calls within
the two AFRs were also catalogued. The quantity of USVs recorded describes overall
vocalization activity throughout the session. The total duration of USVs indicates the total time
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spent vocalizing during a session. Viewing both quantity and duration together indicates whether
the calls emitted during a session were generally shorter or longer.
Results
In this study, audio recordings were analyzed with SCANR, a fast Fourier transformbased software which identifies and presents snapshots of possible USVs, which are parsed by a
researcher. Examples of USVs identified as such are displayed in Figure 3 (A-I). USVs were
collected from formalin-injected, control, and amputee rats, and their frequencies (kHz),
quantities, and durations (ms) were recorded. The weekly averages of these values were
calculated for each subject and then for each group. The results of formalin testing are shown in
Table 2. For controls and amputees, average frequencies are shown in Figure 4 (A and B),
average quantities are shown in Figure 5 (A-F), and average durations are shown in Figure 6 (AF).
Vocalizations Characteristics
Nine examples of USVs recorded from animals in all three testing groups are shown in
Figure 3. These calls were captured from snapshots identified as potential calls by the SCAN’R
software. Various characteristics of the USVs are summarized in Table 1, including call shape,
frequencies (kHz), AFR, duration (ms), and maximum intensity (dB).
The relative intensity of sounds recorded by the microphone is displayed using a color
scale, moving from low to high intensity in the order of black, blue, green, and red. In several
images (Figure 3 - A, B, D, E, F, and G), a flat, blue bar at 40 kHz can be seen, which was
discovered to be a background, ultrasonic noise present in the laboratory, which could not be
completely dampened by the anechoic chamber. The blue cloudlike noise in the lower
frequencies were found to primarily be caused by the air-conditioning vents, which ran
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constantly. The green bursts in the lower cloud were typically caused by the rats either sniffing
or moving quickly. In Figure 3 – E, the USV (red) was particularly strong, causing it to produce
a harmonic tone (blue) at a higher frequency.
Formalin Test Summary
Table 2 summarizes the USVs recorded in the days before, day of, and days after two
formalin injection tests. The average frequencies of all recorded USVs, the total quantity and
duration of those USVs, and the quantities and durations of USVs within the two, affective
frequency ranges are displayed. The data in Table 2 show that rats did not vocalize during the
baseline recordings (zero USVs on days -1 and -2, respectively), that multiple USVs were
recorded during the formalin injection test, and that a small number were recorded in the
following days. Most USVs occurred between zero and five minutes and between 40 and 50
minutes post-injection. In the time between these peaks (5 to 40 minutes), there were
significantly fewer USVs recorded. Post injections, both rats were observed licking the affected
hindpaw, raising the hindpaw from the cage floor, as well as exhibiting erratic movements
throughout the session. Approximately 50 to 55 minutes post-injection, both subjects laid down
and ceased all other behaviors. These behaviors were not observed in previous or subsequent
sessions for either subject.
USVs Recorded from Control and Amputee Rats
Table 3 displays the number of sessions recorded per week for each animal during
acclimation (Week 0) and the following seven weeks. Subjects C3 and C4 were generally
recorded the least frequently in later weeks due to scheduling difficulties.
The two graphs shown in Figure 4 display the average frequencies (kHz) of USVs
recorded per session per week for each subject (Figure 4A) and for each group (Figure 4B)
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during acclimation (Week 0) and the following seven weeks. Week 1 began for amputees on the
day after amputation. For controls, it began seven days after the first recording.
The six graphs in Figure 5 detail the average quantities of USVs recorded per session per
week for each subject (Figure 5A) and for each group (Figure 5B) during acclimation (Week 0)
and the following seven weeks. Figures 5C and 5D display quantities for calls recorded in the 22
kHz-AFR. Figures 5E and 5F display the quantities recorded in the 50 kHz-AFR.
Figure 6 displays six graphs (A-F) which detail the total sum durations (ms) of USVs
recorded per session per week for each subject (6A) and for each group (6B) during acclimation
(Week 0) and the following seven weeks. Total sum duration is defined as the duration of time
for each USV recorded in a session was summed. Figure 6C and 6D display durations for calls
recorded in the 22 kHz-AFR. Figure 6E and F display the durations recorded in the 50 kHz-AFR.
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A

C

B

500 ms

D

F

E

H

100 ms

15 ms

50 ms

50 ms

G

50 ms

15 ms

I

50 ms

50 ms

Figure 3: Examples of USVs recorded from formalin tests, controls, and amputees (summarized in following table); Relative sound intensity (dB) is
represented from low to high in the order of black, blue, green, and red; A – Long, 22 kHz-AFR call from control; B – Short, 22 kHz-AFR call from control; C
– Slanted, 50 kHz-AFR call from control; D – Broken burst in 50 kHz-AFR from control; E – Curved, 22 kHz-AFR call from formalin-injected rat; F –
Slanted, short 50 kHz-AFR call from formalin-injected rat; G – Long, 22 kHz-AFR call from amputee; H – Flat, lower 50 kHz-AFR call from amputee; I –
Curved, upper 50 kHz-AFR call from amputee.
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Table 1: Summary of example USVs’ vocalization characteristics
Example
Group

A

B

Control Control

C

D

Control

Control

E

F

G

H

I

Formalin Formalin Amputee Amputee Amputee

Shape

Flat

Curved

Slanted

Broken

Curved

Slanted

Flat

Flat

Curved

Frequency
(kHz)

25

[27,30]

[40,45]

[40,64]

[28,30]

[54,57]

32

42

[83,92]

Affective
Frequency
Range

22 kHz

22 kHz

50 kHz

50 kHz

22 kHz

50 kHz

22 kHz

50 kHz

50 kHz

Duration
(ms)

320

7

25

46

33

4

43

20

45

Maximum
Intensity
(dB)

46

32

47

30

45

35

50

39

30

Table 2: Summary of USVs recorded during formalin injection trials
Total
22 kHz-AFR
50 kHz-AFR
Average
Subject Days Frequency
Duration
Duration
Duration
Quantity
Quantity
Quantity
(kHz)
(ms)
(ms)
(ms)
F1
-1
0
0
0
0
0
0
0
(Post-Injection) 0
32
7
57
5
48
2
9
1
27
2
11
2
11
0
0
6
52
1
38
0
0
1
38
F2
-2
0
0
0
0
0
0
0
(Pre-Injection) 0
28
1
7
1
7
0
0
(Post-Injection) 0
30
16
270
12
229
4
41
1
22
1
4
1
4
0
0
6
0
0
0
0
0
0
0
Note: Pre-injection data is not available for subject F1

Week
0
1
2
3
4
5
6
7

Table 3: Recording sessions per week per animal
A1
A2
A3
C1
C2
C3
2
2
4
2
1
3
5
5
4
1
3
2
3
3
4
2
3
1
5
5
3
3
2
2
3
3
2
1
1
2
3
3
2
2
2
1
3
3
2
2
3
1
2
2
2
2
1
2
15

C4
3
2
1
2
2
1
1
2

A

B

Figure 4: Panel A shows the average frequencies of USVs for each session per week for each subject. A1, A2, and A3 are the three
amputees, and C1, C2, C3, and C4 are the four controls. Note that C4 did not vocalize in Weeks 2 or 6. Panel B shows the average
frequencies of USVs per session for amputees (blue, n=3) and controls (yellow, n=4) during the first 7 weeks following acclimation
(week 0). Error bars represent standard deviation.
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A

C

E

B

D

F

Figure 5: Average number of USVs per session per week for amputees (n=3) and controls (n=4) during the first 7 weeks following
acclimation (week 0); Error bars represent standard deviation; A – All frequencies for each subject; B – All frequencies for each
group; C – 22 kHz-AFR USVs for each subject; D - 22 kHz-AFR USVs for each group; E– 50 kHz-AFR USVs for each subject; F –
50 kHz-AFR USVs for each group.
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A

C

E

B

D

F

Figure 6: Average time (ms) spent vocalizing per session per week for amputees (n=3) and controls (n=4) during the first 7 weeks
following acclimation (week 0); Error bars represent standard deviation; A – All frequencies for each subject; B – All frequencies for
each group; C – 22 kHz-AFR USVs for each subject; D - 22 kHz-AFR USVs for each group; E– 50 kHz-AFR USVs for each subject;
F – 50 kHz-AFR USVs for each group.
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Discussion
The purpose of this study was to investigate the potential use of USVs as an indicator of a
negative affective state in acclimated, formalin-injected rats and acclimated, forelimb-amputated
rats. Formalin-injected rats were expected to emit greater numbers of USVs, especially in the 22
kHz-AFR. Amputee rats were expected to emit USVs of lower average frequencies than
controls. Amputee rats were expected to emit greater quantities and durations of 22 kHz-AFR
USVs than controls over time. Amputee rats were also expected to emit fewer quantities and
durations of 50 kHz-AFR USVs than controls over time. While the data collected provide insight
into the effects of formalin injection and amputation on the rats tested, sample sizes were
insufficient to test statistically significance differences between experimental groups.
USV Characteristics Consistent with Previous Studies
USVs in 22 kHz-AFR are typically flat or slightly curved when viewed on a spectrogram
and have been found to vary in duration from 3 to 3000 ms [12,16]. Calls in the 50 kHz-AFR
present in more varied shapes, including flat tones, slanted lines, soft or sharp curves, and
frequency-modulated trills [16]. These calls vary less in duration than 22 kHz USVs, typically
ranging between 4 and 100 ms as seen in this and other studies [17,18]. Vocalizations recorded
in this study from controls, amputees, and formalin-injected rats were typically consistent with
these expectations; however, a small number of calls spanned both AFRs. These crossing calls
were included in the total quantities and durations for all frequencies but were not included in
either AFR.
USVs and Behaviors Recorded during Formalin Tests
F1 and F2 were effectively acclimated to the test environment for 27 sessions over a
period of about four months prior to formalin testing. It can be seen in days -1 and -2
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respectively that F1 and F2 exhibited no USVs in recent sessions before injection. F2 was
recorded in the chamber for a 15-minute rest period prior to injection, during which it emitted
one vocalization but exhibited no unusual behaviors. Post injection, F1 and F2 both showed an
increase in USVs recorded and multiple pain-like behaviors such as limping, licking the affected
area, flinching, and sudden fits of erratic movement. These pain-like behaviors were consistent
with those found in other formalin testing [20,21]. During recording sessions in the days
following injection (days 1 and 6), such behaviors were not observed, and the number of USVs
descended. As increases in USVs coincided with the emergence of pain-like behaviors postinjection, these results support conclusions of formalin injections studies that USVs are
behavioral indicator of the affective dimension of persistent pain [13,22].
In testing 10% formalin injection, Oliveira and Barros [10] reported an average frequency
of 31 kHz and an average quantity of about 300 USVs. Our average frequency was also 31 kHz;
however, our quantities were significantly lower. Our quantities were also lower than the average
of about 70 calls in the 22 kHz-AFR reported by Barroso et al. [22]. There are several
differences between these experiments which may be responsible for this discrepancy. Primarily
in our study, female, Sprague-Daley rats were exposed to the test environment for dozens of
sessions (no injections) over several months, while these other studies used male Wistar rats
which were acclimated to the test environment for just fifteen to twenty minutes prior to
injection [13,22]. The difference in exposure to the testing environment prior to formalin testing
may have influenced this difference in quantity, as acclimation to an environment has been found
to reduce USV emission in rats [23]. Also, a study of hormone-treated male and female rats in
copulation found that males emitted more 50 kHz-AFR USVs than females [24]. Barroso et al.
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[22] differed in formalin concentration and injection site, as they injected 2.5% formalin in the
rat’s upper lip.
Comparing USVs Recorded from Amputees and Controls
The sample sizes of the groups were insufficient to perform any statistical analysis of
reliable power or accuracy; however, the data shown in Figures 4, 5, and 6 can provide insight
through comparison of USV behavior between healthy and amputee rats. USV behavior was
described on the bases of frequency, quantity, and total duration. From Figure 4, there does not
appear to be a consistent difference in average frequencies between subjects or between groups.
Amputees did seem to show less variation in frequency, as shown by their smaller standard
deviations; however, Table 3 shows that amputees did tend to have more sessions per week in
later weeks, which could account for the discrepancy in standard deviations.
Figures 5A and 5B display the average quantities of all USVs recorded by each subject
and each group. 5A and 5B show no obvious differences other than potentially at week 5, where
amputees appear to have a higher average quantity. Figures 5C and 5D show amputees to
potentially have higher quantities of 22 kHz-AFR USVs than controls from 4 to 7 weeks after
acclimation and surgery. 5E and 5F show no differences in 50 kHz-AFR USVs between groups.
These data suggest that amputee rats may begin to emit a greater quantity of 22 kHz-AFR USVs
than controls about four weeks after amputation. This could indicate a difference in affective
state between the groups during this time.
Figures 6A and 6B display the average sum duration of all USVs emitted per session by
each subject and each group. These graphs showed no obvious differences in sum durations
between groups. There was a large gap at week 6, but this was accompanied by a large standard
deviation for amputees. 6C and 6D display the sum durations of 22 kHz-AFR USVs for
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amputees and controls. These values were generally higher for amputees than controls during
weeks 4 through 6; however, the standard deviation for amputees at week 6 was quite large. 6E
and 6F show that there were no differences in 50 kHz-AFR USVs between groups.
Quantities of 22 kHz-AFR USVs were higher in amputees than controls from 4 to 7
weeks post-surgery, and sum durations of 22 kHz calls were higher at 4 to 5 weeks. These gaps
could indicate a difference in affective state between these amputees and controls during later
weeks; however, the sample sizes are too small to draw any conclusions concerning the
populations of healthy and amputee rats.
Future Work
As these results suggest the possibility of a link between persistent pain and USV
behavior in amputee rats, further study of this population seems worthwhile. To further
investigate this potential, we recommend increasing sample sizes to improve statistical power
and incorporating other methods of analyzing behavioral measures that could indicate pain, such
as a burrowing assay, the rat grimace scale (RGS), or an automated behavioral analysis. We
implemented G*Power to estimate the sample size required to obtain an alpha of 0.05 and a
power of 0.8 for a medium effect size (f=0.25) in comparing controls and amputees over seven
weeks. Accordingly, we recommend implementing a minimum of nine subjects per group [27].
Burrowing behaviors, the removal of some material from a raised tube, have been found
to decrease in rat models of persistent pain, so a reduction in amputees could indicate the
presence of a negative affective state and potentially persistent pain [9,25,26]. RGS measures
changes in facial expression as a pain-like behavior and has been used to assess spontaneous
neuropathic pain in rats five weeks post surgical induction of a cervical spinal cord injury [28].
This suggests that RGS could also be useful in assessing changes in affective state in amputees.
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Also, an automated behavioral analysis could be used to compare amputees and controls for
differences in locomotive and grooming activities over time [8].
Some environmental noise in the laboratory, such as from the air conditioning or a 40
kHz noise of unknown origin, could not be fully eliminated by the AEC. We recommend
building a chamber using thicker plexiglass panels to further dampen incoming noise.
Conclusion
USVs may serve as a measure of the affective dimension of persistent pain in amputee
rats; however, further study is required to investigate this potential. To validate our experimental
setup, two formalin injection tests showed that each rat emitted an increased number of USVs,
especially in the 22 kHz-AFR, and exhibited other pain-like behaviors including limping, licking
the affected area, flinching, and sudden fits of erratic movement. The quantities of USVs were
still lower than those recorded in previous studies; however, there were multiple differences in
study design which could account for this discrepancy.
Amputees emitted a greater quantity of 22 kHz-AFR calls than controls at 4 to 7 weeks
post-amputation and a greater duration at 4 to 6 weeks; however, there were no apparent
differences in weeks 1-3. These differences in USV behavior may indicate differences in
affective state between groups at these times; however, the sample sizes were insufficient to test
hypotheses with analyses of reliable statistical power. As such, further testing is recommended to
investigate USV behavior of forelimb-amputated rats.
If USVs prove to be a reliable indicator of pain in amputee rats, this and other behavioral
measures could be used in concert to identify what periods of time post-amputation are
associated with pain. Further research could be done on understanding the underlying
mechanisms responsible for PLP, potentially by comparing amputee rats exhibiting these
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behaviors to unoperated rats, sham-operated rats, or amputee rats exhibiting none of these
behaviors.
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Appendices
Appendix A: USV Identification and Quantification
Audio recorded by the ultrasonic microphone was processed by a fast Fourier transformbased, call identification software called SCANR. This software processed the recordings and
provide spectrogram snapshots of suspected calls. These snapshots were examined by the author
who would determine whether the snapshot contained a call or artifact. For all calls identified in
this manner, the author would use the cursor to find the duration of and the frequencies
encompassed by each call.
The procedure to identifiy of calls was developed through live viewing of USVs via
SPECTR during recording sessions and through viewing numerous snapshots provided by
SCANR. SPECTR enabled the researcher to recognize structures of USVs within spectrograms.
These structures were identified through differences in color/intensity from the areas surrounding
the call in the spectrogram. Occasionally, high-intensity calls created harmonic echos at higher
frequencies. The true USV in these situations was determined to be the one with the highest
overall intensity. In the case of frequency-modulated trills (see Figure 3D), a decision was made
to determine whether such calls should be counted as one longer call or multiple, brief calls. We
considered such trills to be one call, unless divided by a gap greater than the duration of the
shortest trill.
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